Structure Changes upon Deprotonation of the Proton Release Group in the Bacteriorhodopsin Photocycle  by Morgan, Joel E. et al.
444 Biophysical Journal Volume 103 August 2012 444–452Structure Changes upon Deprotonation of the Proton Release Group
in the Bacteriorhodopsin PhotocycleJoel E. Morgan,† Ahmet S. Vakkasoglu,‡ Janos K. Lanyi,{ Johan Lugtenburg,k Robert B. Gennis,‡§
and Akio Maeda§*
†Department of Biology, Center for Biotechnology and Interdisciplinary Studies, Rensselaer Polytechnic Institute, Troy, New York; ‡Center
for Biophysics and Computational Biology and §Department of Biochemistry, University of Illinois at Urbana-Champaign, Urbana, Illinois;
{Department of Physiology and Biophysics, University of California, Irvine, California; and kDepartment of Chemistry, University of Leiden,
Leiden, The NetherlandsABSTRACT In the photocycle of bacteriorhodopsin at pH 7, a proton is ejected to the extracellular medium during the proton-
ation of Asp-85 upon formation of the M intermediate. The group that releases the ejected proton does not become reprotonated
until the prephotolysis state is restored from the N and O intermediates. In contrast, at acidic pH, this proton release group
remains protonated to the end of the cycle. Time-resolved Fourier transform infrared measurements obtained at pH 5 and 7
were fitted to obtain spectra of kinetic intermediates, from which the spectra of M and N/O versus unphotolyzed state were calcu-
lated. Vibrational features that appear in both M and N/O spectra at pH 7, but not at pH 5, are attributable to deprotonation from
the proton release group and resulting structural alterations. Our results agree with the earlier conclusion that this group is
a protonated internal water cluster, and provide a stronger experimental basis for this assignment. A decrease in local polarity
at the N-C bond of the side chain of Lys-216 resulting from deprotonation of this water cluster may be responsible for the
increase in the proton affinity of Asp-85 through M and N/O, which is crucial for maintaining the directionality of proton pumping.INTRODUCTIONBacteriorhodopsin is an energy-transducing enzyme. It uses
light energy to translocate protons across the bacterial
membrane, creating an electrochemical proton gradient
that provides energy for the cell (1). Light is absorbed by
a retinal chromophore that is bound to Lys-216 through
a protonated Schiff base. Two isomeric forms of bacterio-
rhodopsin, with all-trans and 13-cis, 15-syn retinal, are
present in thermal equilibrium in the dark, but under illumi-
nation the latter changes to all-trans retinal in a process
known as light adaptation. Absorption of a photon causes
the chromophore in bacteriorhodopsin with all-trans retinal
(BR) to isomerize at the C13¼C14 bond and produce the
13-cis,15-anti configuration, thus initiating the photocycle,
with the intermediates L, M, N, and O (and return to the
BR state) (2). The transitions in this sequence are coupled
to five proton transfer steps, which together result in the
net transport of one proton per cycle from the cytoplasm
to the external medium (3–5).
First, the proton on the Schiff base moves to Asp-85 and
the M intermediate is formed (6). Protonation of Asp-85 in
turn leads to deprotonation of a proton release group on the
extracellular side of Asp-85 (7). Reprotonation of the Schiff
base takes place in the M-to-N transition, when it receives
a proton from Asp-96 on the cytoplasmic side of the Schiff
base (8). The N-to-O transition includes the reisomerizationSubmitted January 3, 2012, and accepted for publication June 4, 2012.
*Correspondence: akio.maeda@gmail.com
Ahmet S. Vakkasoglu’s present address is Molecular and Cellular Biology
Department, Harvard University, Cambridge, MA.
Editor: Hassane Mchaourab.
 2012 by the Biophysical Society
0006-3495/12/08/0444/9 $2.00of the retinal to the all-trans form. A proton is taken up from
the cytoplasm by Asp-96 at about the time of this transition
(9). As these changes take place, Asp-85 remains in the
protonated state. Finally, the photocycle is brought to
completion by internal proton movements that remove the
proton from Asp-85 and reprotonate the proton release
group.
The decrease in the pKa of the proton release group in M
(7), which results in proton ejection to the extracellular
medium, has been attributed to the change in electrostatic
interaction between the proton release group and Asp-85
once the latter becomes protonated (10–13). The crystallo-
graphic structure of the M intermediate, in which the
intervening Arg-82 side chain and its interacting water
molecules are displaced, bears this out (14). Conversely,
a titration experiment that was carried out in the unphoto-
lyzed state (BR) showed that deprotonation of the proton
release group leads to an increase in the pKa of Asp-85
to ~7 from ~2.5 (11,13). This is believed be a reciprocal
manifestation of the electrostatic interaction through which
protonation of Asp-85 destabilizes a proton on the proton
release group.
In the photocycle, at neutral pH the proton release group
remains in a deprotonated state until the final recovery of the
BR state from O. At acidic pH, below the pKa of proton
release group in M (~5.7), proton release from the proton
release group cannot occur in the M state (7), and instead
is delayed until later in the cycle, after proton uptake from
the cytoplasm (9), so that the proton release group remains
protonated throughout the M, N, and O intermediates.
Furthermore, at pH 5 the M intermediate is in continuoushttp://dx.doi.org/10.1016/j.bpj.2012.06.022
Changes in Photolyzed Bacteriorhodopsin 445equilibrium with L (15,16), whereas a nearly pure state of M
is established at neutral pH (16). The latter could reflect
a mechanistic feature in which deprotonation of the proton
release group elevates the pKa of Asp-85, thereby prevent-
ing the proton on Asp-85 from returning to the Schiff
base. As a result, in the reaction step in which N is produced,
where the pKa of the Schiff base is ~8.2 (17), the Schiff base
can accept a proton only from the cytoplasmic side. The
presence of M at pH 10.5 has been attributed to the elevation
of the pKa of Asp-85 to>10.5 (18). This elevated pKa could
be a result of structural changes over and above the electro-
static effect, with possible displacements of Arg-82 and its
interacting water molecules, ensuring slip-free directional
proton pumping.
A similar structure for Asp-85 is preserved in N/O at
pH 7, and probably serves to keep Asp-85 in the protonated
state until the reprotonation of Asp-96 in O. The protonated
Asp-85 would cause a low pKa to be maintained at the
proton release group, thus preventing the reverse uptake
of a proton from the extracellular medium, It would also
catalyze the cis-to-trans reisomerization of the C13¼C14
bond in O, as in the case of the thermal trans-to-cis isomer-
ization (19).
Previous time-resolved Fourier transform infrared (FTIR)
studies by Morgan et al. (16) revealed several spectral
features that change in M at pH 7 but not in the correspond-
ing spectra at pH 5. The M state at pH 5 seems to correspond
to the M1 state, which was proposed by Va´ro´ and Lanyi (20)
to be a state in which the proton can still shuffle between the
Schiff base and Asp-85, meaning that M remains in equilib-
rium with L in the presence of the protonated proton release
group. The M at pH 7 seems to be the M2 state, in which
reprotonation of the Schiff base occurs only from the
cytoplasmic side (20). This change was later ascribed to
the ‘‘reprotonation switch’’ that takes place upon deprotona-
tion of the proton release group (11,13).
In this study, we examined the spectral changes that occur
through the N and O intermediates at pH 7, but not at pH 5,
and compared them with those in the M intermediate. Struc-
tural changes due to deprotonation of the proton release
group and the ensuing increase in the proton affinity of
Asp-85 can be detected from the spectral changes that
persist through these three intermediates.MATERIALS AND METHODS
Sample preparation
Samples were prepared as described previously (21). Purple membranes
containing the E204Q mutant protein (22) were isolated according to
a standard procedure (23).Data acquisition and processing
Details regarding the laser, data acquisition, and data processing were
previously described byMorgan et al. (16,21). Spectra were measured usinga Varian FTS-6000 spectrophotometer in step scan mode at 25C. A
frequency-doubled Nd:YAG laser (Continuum Surelite II; 532 nm, duration
5 ns) was fired 2 ms after the start of each acquisition. Spectra were
collected in the 4000–800 cm1 region (8 cm1 spectral resolution). A
single data file was typically summed for 96 step scans (taking ~3 h).
The pretrigger data (the first 2 ms out of the 10-ms data acquisition window)
were used to calculate a prephotolysis spectrum (BR), which was then used
to convert the data into difference spectra (versus BR). Then, all of the data
files for a given type of sample were averaged (see below for the number of
files averaged in each case). These averaged data were then analyzed with
the use of the global exponential fitting program SplMod (24,25). The data
between 2000 and 900, 2900 and 2600, and 3750 and 3600 cm1 were used
for this initial fit. The rate constants obtained from this initial fit were then
used to calculate the spectra of components (cj) over the full spectral range
(4000–800 cm1) as described previously (21) for a sum-of-exponentials
model using a Gaussian elimination method. These results were used
calculate the spectra (difference versus BR) of components for a kinetic
model consisting of a linear sequence of irreversible steps, according to
the method of Chizhov et al. (26). Here, dj denotes the spectrum of the
kinetic component formed at the rate kj. Spectrum d0 corresponds to the
spectrum of the species immediately after the flash within our temporal
resolution (5 ms).
It should be noted that each kinetic component is comprised of canonical
photo-intermediates, L, M, N, and O, but does not have one-to-one corre-
spondence to them. We obtained the spectra of M or the mixture of
N and O (N/O) versus BR (unphotolyzed state) through interactive subtrac-
tions between the spectra of the kinetic components by inspecting marker
bands typical of photo-intermediates, as described in the Results section.Comparison of spectra obtained at pH 7 and pH 5
The data set for wild-type (WT) BR at pH 7, the average of 44 files, was
fitted by seven exponentials with time constants for formation of 0.002
(spectrum d1), 0.042 (d2), 0.087 (d3), 0.15 (d4), 0.50 (d5), 1.6 (d6), and
6.2 (d7) ms. The corresponding data set at pH 5 (24 files) was fitted by
six exponentials: 0.040 (d1), 0.16 (d2), 0.25 (d3), 0.72 (d4), 2.5 (d5), and
6.2 (d6) ms. Differences in the time constants from those in the previous
paper (16) arise from using a seven exponential fit at pH 7 instead of six,
and 2000 data points at pH 5 instead of 4000. This renders the previous
time constant at pH 7 of 0.12 ms (d3) as 0.15 ms (d4). In all of the fits,
the final components showed much smaller amplitudes than the penultimate
ones that are due mainly to the spectra of N and O, suggesting that the pho-
tocycle is nearly complete in these data acquisition conditions (repetition
rate of 10 s1).
The series of the dj spectra were normalized with respect to the negative
band at 1253 cm1, which has been attributed to the mode arising from
coupling between the N-H and C15-H bending vibrations of the Schiff
base in the dark state (27). This band is suitable for intensity adjustment
because no canceling positive bands due to similar vibrational modes,
such as those present around 1300 cm1 and 1390 cm1 in N (21,28), are
present in its vicinity. The 1253 cm1 band was further used to normalize
the spectra at pH 5 and pH 4 of WT, and at pH 7 of E204Q to the corre-
sponding spectra of WT at pH 7.RESULTS
N/O-minus-BR spectra
Spectrum d4 at pH 7 (time constant of formation 0.15 ms;
thin line in Fig. 1 a) is a pure M-minus-BR spectrum, as
judged previously (16) from the fact that the top of the small
peak within a dip, with local maximum at 1186 cm1, is




FIGURE 1 Comparison of the calculated spectra of the photocycle inter-
mediates. (a) M-minus-BR spectra at pH 7 (thin line) and pH 5 (thick line).
(b) N/O-minus-BR spectra at pH 7 (thin line) and pH 5 (thick line). (c)
Comparison of the N/O-minus-BR spectra at pH 4 obtained from d3
(N-rich, thick line) and fromd4multiplied by 1.8 (O-rich, thin line). One divi-
sion of the ordinate corresponds to 2milli-absorbance units (mAU). The level
of zero absorbance change is shown by a horizontal dashed line. The insets
show the spectra for Asp-85 on an expanded scale (one division of the
ordinate corresponds to 0.2 mAU, and the complete frequency scale is
from 1800 to 1700 cm1). Notice that almost all parts of the spectra overlap
with each other, but the parts where thin lines deviate can be observed.
446 Morgan et al.pH 5 (0.16 ms), the local maximum at 1186 cm1 reaches
the zero line (16). This is due to a contribution from the
L-minus-BR spectrum (15,16,30). The pure M-minus-BR
spectrum at pH 5 (thick line) with the same intensity
at 1186 cm1 as that at pH 7 (thin line) was obtained by
subtracting 30% of d0, an essentially pure L-minus-BR
spectrum, and multiplying the remaining M-minus-BR
spectrum by 1.43 to compensate for the lost amplitude.
Spectra d6 at pH 7 (1.6 ms) and d5 at pH 5 (2.5 ms)
contain contributions of N and O. The band of Asp-85 at
1755 cm1 is characteristic of N (28) and O (29), but small
added intensities that skew the peak at 1755 cm1 towardBiophysical Journal 103(3) 444–452the 1761 and 1763 cm1 bands of M in the pH 7 and
pH 5 spectra, respectively, indicate the contributions from
these bands of M. The spectra at pH 7 and pH 5 without
these skewing contributions were obtained by subtracting
30% of the corresponding pure M-minus-BR spectrum in
each case. The remaining spectra, both consisting of
mixtures of N and O, were multiplied by 1.43 to compensate
for the loss of amplitude. These spectra are hereafter
referred to as the N/O-minus-BR spectra at pH 7 (thin line
in Fig. 1 b) and pH 5 (thick line).
The 1508 cm1 band, due to the C¼C stretching vibration
of the retinal in the O intermediate (31), is larger in the N/O-
minus-BR spectrum at pH 5 than at pH 7 (Fig. 1 b). This is
consistent with the pH dependence of the accumulation of
O, which can be described by a titration-like curve with
a pKa of ~7.2 (32,33). A similar difference in the
1508 cm1 band, reflecting a different content of O, was
observed between d3 (2.6 ms) and d4 (2.7 ms) from the
five-component fit at pH 4 (16), which contained more N
and O, respectively. The spectra obtained after subtraction
of the contributions of the M-minus-BR spectrum (30%
for d3 and 20% for d4) are shown in Fig. 1 c (thick and
thin lines, respectively; the M-minus-BR spectrum at pH 4
was obtained by subtracting 30% of d0 from d2).
The 1755 cm1 band of Asp-85 does not undergo
a frequency shift from pH 7 to pH 5 (see thin versus thick
lines in the inset of Fig. 1 b), in contrast to the corresponding
bands at 1761 cm1 at pH 7 versus 1763 cm1 at pH 5 (32)
(see thin versus thick lines in the inset of Fig. 1 a). The
1755 cm1 band exhibits the same intensity in both the
N-rich and O-rich spectra at pH 4 (thick and thin lines in
the inset of Fig. 1 c). Thus, the pH effect on the Asp-85
band that was observed in M (32) is absent in the N and
O intermediates. The N-rich and O-rich spectra resemble
each other except for the positive bands that are character-
istic of O at 1508 and 1167 cm1 (31). Hence, changes
resulting in the formation of N and O will be discussed
together without separation of their spectra. The double
difference between the N-rich and O-rich spectra (hereafter
referred to as the N-minus-O spectrum) is used to monitor
whether the differences between pH 7 and pH 5 are due to
the difference between N and O.Persistent absorbance change with a trough
at 1885 cm1
In the N/O-minus-BR spectra at both pH 7 (thin line in
Fig. 2 a) and pH 5 (thick line), there is increasing negative
amplitude from 2100 toward 1780 cm1. Through this
broad range, the spectrum at pH 7 exhibits larger negative
intensity than at pH 5. The double-difference spectrum
between the N/O-minus-BR spectra at pH 7 and pH 5
(thick line in Fig. 2 b) shows a trough at ~1885 cm1. As
shown in Fig. 3, the positive band at 1527 cm1 due to N
and the negative band at 1508 cm1 due to O in this
ab
FIGURE 2 Spectral changes above 1780 cm1. (a) N/O-minus-BR
spectra at pH 7 (thin line) and pH 5 (thick line). (b) The double difference
between the N/O-minus-BR spectra at pH 7 and 5 (thick line), the double
difference between the M-minus-BR spectra at pH 7 and 5 (thin line),
and the N-minus-O spectrum (dotted line). One division of the ordinate
corresponds to 0.05 and 0.02 mAU for a and b, respectively. The level of
zero absorbance change is shown by a horizontal dashed line.
FIGURE 3 Spectral change of the vibrational bands due to the backbone
groups. Thin line: Double difference between the M-minus-BR spectra at
pH 7 and pH 5. Thick line: Double difference between the N/O-minus-
BR spectra at pH 7 and pH 5. Dotted line: N-minus-O spectrum. One divi-
sion of the ordinate corresponds to 1.0 mAU. The level of zero absorbance
change is shown by a horizontal dashed line.
Changes in Photolyzed Bacteriorhodopsin 447double-difference spectrum (thick line) appeared with
almost the same amplitudes as those in the N-minus-O spec-
trum (dotted line), indicating that amplitudes of other bands
can be compared directly between the two spectra. The
N-minus-O spectrum (dotted line in Fig. 2 b), though noisy,
does not contain a trough around 1885 cm1 of a comparable
size. Thus, the trough does not arise from a difference in the
content of O. The drift of the N-minus-O spectrum above the
zero line is partly a result of multiplication by 1.8 of the less-
intense spectrum d4. The shape of the double difference
between the N/O-minus-BR spectra is coincident with the
corresponding double difference between the M-minus-BR
spectra at pH 7 and pH 5 (thin line).Changes in the backbone groups
The negative band at 1661 cm1 in the M-minus-BR spec-
trum at pH 7 (16), which appears in the double-difference
spectrum between pH 7 and pH 5 (thin line in Fig. 3),
disappears in the corresponding double-difference N/O-
minus-BR spectrum (thick line). The double-difference
M-minus-BR spectrum also includes a broad, almost flat,negative band between 1730 and 1685 cm1. In the N/O-
minus-BR double-difference spectrum, at least a part of
this feature—the portion between 1730 and 1707 cm1—
has disappeared, whereas negative bands have appeared at
1693 and 1670 cm1, where bands were observed in previ-
ously published N-minus-BR spectra at pH 7 (28,29,34).
Different carbonyl group vibration bands are depleted in
M and in N/O, although the positive band at 1627 cm1,
probably due to backbone carbonyl groups, seems to be
common to both M and N/O. This band in M was depleted
in the D212N enzyme (see Fig. 6 of Morgan et al. (16)).
A positive sharp band with a peak at 1556 cm1 in the
N/O-minus-BR spectrum at pH 7 (thin line in Fig. 1 b)
exhibits larger intensity than in the corresponding spectrum
at pH 5 (thick line). The double difference between these
two spectra (thick line in Fig. 3) shows a discrete band
with a peak at 1556 cm1, which differs from a broader
feature distributed between 1610 and 1545 cm1 in the cor-
responding double difference between the M-minus-BR
spectra (thin line). A previous study by Xiao et al. (35)
showed that intensities affected in 15N-Arg-labeled BR in
the M-minus-BR spectrum at pH 7 are distributed across
a similarly broad frequency region. Further studies are
required to verify whether the less-broad band in N/O,
which is a composite band, including modes of backbone
amide (28), is also affected in 15N-Arg-labeled BR.Effect of E204Q on the spectrum at pH 5
The smaller negative intensities in the M-minus-BR spec-
trum between 1720 and 1707 cm1 at pH 5 (thin line in
Fig. 4) compared with pH 7 (dotted line), which comprise
a part of the wider band between 1730 and 1685 cm1
(see above), were previously attributed to a positive signal
due to protonation of the Glu-204–Glu-194 pair by theBiophysical Journal 103(3) 444–452
FIGURE 4 Effect of the E204Q mutation on the broad feature between
1720 and 1707 cm1 in the M-minus-BR spectrum. Shown are the spectra
of WT BR at pH 5 (thin line), E204Q BR at pH 5 (thick line), andWT BR at
pH 7 (dotted line). One division of the ordinate corresponds to 0.5 mAU.
The level of zero absorbance change is shown by a horizontal dashed line.
a b
c d
FIGURE 5 Vibrational bands that are depleted in C15-deuterated BR and
at pH 5: (a and c) 1376 cm1 and (b and d) 1075, 1052, and 1017 cm1. (a
and b) The N/O-minus-BR spectra of unlabeled BR at pH 7 (blue line) and
pH 5 (red line), C15-deuterated BR at pH 7 (green line), and unlabeled BR
in D2O (black line) in different spectral regions. (c and d) The double differ-
ence between the N/O-minus-BR spectra of unlabeled BR at pH 7 and pH 5
(red line), the M-minus-BR spectra at pH 7 and pH 5 (blue line), and the N-
minus-O spectrum (brown line). One division of the ordinate corresponds to
0.5 mAU. The level of zero absorbance change is shown by a horizontal
dashed line.
448 Morgan et al.proton released from the proton release group (proton trap-
ping) (36,37). To test this proposal, we repeated the
measurements using the E204Qmutant. Although the photo-
cycle of E204Q is very slow at pH 7 (22), at pH 5 it becomes
as rapid (6.0 ms1 for the last component) as that of the WT.
In the 1720–1707 cm1 region, the M-minus-BR spectrum
of E204Q at pH 5 (thick line), which was obtained as
spectrum d3 (0.16 ms), is coincident with the M-minus-BR
spectrum of WT at pH 5 obtained from spectrum d2
(0.16 ms; thin line), indicating that a large part of the excess
positive amplitude in WT at pH 5 (thin line) compared with
pH 7 (dotted line) is not due to trapping of the proton by the
Glu-204–Glu-194 pair. Also, this is much smaller than the
1720 cm1 band in the E194D mutant, in which proton trap-
ping is believed to occur, where the amplitude of the band is
similar to that of the band from protonated Asp-85 (38). This
excess positive intensity at pH 5 versus pH 7 in the double-
difference M-minus-BR spectrum of WT (thin line in Fig. 3)
has also nearly vanished in the double-difference N/O-
minus-BR spectrum, at least in the 1730–1707 cm1 region
(thick line), as was observed in a previous time-course study
(37). These results argue against any significant occupancy
of a state in which the proton is trapped at the Glu-204–
Glu-194 pair. Notice that the 1720 cm1 band, due to proton-
ation of Asp-194, arises in the submillisecond range and
decays with the last step of the photocycle, coincident with
protonation of pyranine in the bulk (38). In this case, residue
194 is part of the chain that leads to proton release, but is not
a constituent of the proton release group.Depletion of the 1075 cm1 band through
M and N/O
The N/O-minus-BR spectrum at pH 7 shows a negative band
at 1075 cm1 (blue line in Fig. 5 b), where no discrete bandBiophysical Journal 103(3) 444–452was observed in the spectrum at pH 5 (red line). The
N-minus-O spectrum (brown line in Fig. 5 d) is close to the
zero line at this frequency, indicating that the 1075 cm1
band at pH 7 does not arise from the abundance of N over
O at pH 7. Smaller bands at 1052 and 1017 cm1 at pH 7,
though they appear less clearly, responded at pH 5 in similar
ways to the 1075 cm1 band. These bands in the N/O-minus-
BR pH 7-minus-pH 5 double-difference spectrum (red line)
are nearly coincident with those in the corresponding
double-difference spectrum for M-minus-BR (blue line).
As described previously (16), the band at 1075 cm1
(pH 7) undergoes a small shift to 1073 cm1 when the
sample is placed in D2O (pD 7). From the same data set
used by Morgan et al. (16), we obtained the N/O-minus-
BR spectrum in D2O by subtracting 50% of the M-rich spec-
trum d3 (0.77 ms) from the N/O rich spectrum d4 (2.5 ms),
so that the negative band at 1670 cm1 and the positive band
at 1186 cm1 are almost identical in intensity with those of
the N/O-minus-BR spectrum of unlabeled BR. The negative
band at 1075 cm1 in the N/O-minus-BR spectrum at pH 7
(blue line in Fig. 5 b) can be regarded as shifted in D2O
(black line), as in the M-minus-BR spectrum.
Our previous study showed that the negative band at
1075 cm1 in the M-minus-BR spectrum is absent in
Changes in Photolyzed Bacteriorhodopsin 449C15-deuterated BR (39). We calculated the N/O-minus-BR
spectrum of C15-deuterated BR by subtracting 50% of the
M-minus-BR spectrum from the penultimate spectrum d3
(1.7 ms), so as to eliminate the added intensity that skews
the peak at 1755 cm1 toward the 1760 cm1 band of M
(the same procedure used for the N/O-minus-BR spectra of
unlabeled BR in Fig. 1 b). The 1075 cm1 band (blue line
in Fig. 5 b) has disappeared in C15-deuterated BR at the
same pH (green line), just as in the spectrum in unlabeled
BR at pH 5 (red line). The smaller bands at 1052 and
1017 cm1 responded in similar ways to the 1075 cm1 band.Appearance of the 1376 cm1 band through
M and N/O
Two positive bands at 1393 and 1376 cm1 in the N/O-
minus-BR spectra are more intense at pH 7 (blue line in
Fig. 5 a) than at pH 5 (red line). At 1376 cm1, the
double-difference N/O-minus-BR spectrum (red line in
Fig. 5 c) nearly coincides with the double-difference
M-minus-BR spectrum (blue line). The N-minus-O spec-
trum (brown line) is at the zero line at 1376 cm1, whereas
the 1393 cm1 band due to the C15-H bending vibration (27)
shows a clear difference between N and O. The contribution
of deprotonated Asp-96 in N appears at 1404 cm1 (40).
The intensity at 1376 cm1 in the N/O-minus-BR spec-
trum at pH 7 (blue line in Fig. 5 a) decreases in C15-deuter-
ated BR at pH 7 (green line) to the same level as in the
spectrum of the unlabeled enzyme at pH 5 (red line). This
is similar to the relation observed between the M-minus-
BR spectrum of unlabeled BR at pH 7 and that of C15-
deuterated BR at pH 7 (39). However, D2O did not change
this band in N/O (black line).DISCUSSION
pH-dependent changes through M and N/O
An examination of time-resolved FTIR spectra in the
frequency region between 2200 and 900 cm1 reveals
infrared spectral features arising from mixtures of the N
and O intermediates (N/O-minus-BR spectrum) that appear
at pH 7 but not at pH 5. As discussed below, there are two
pH-dependent changes that persist from the M intermediate
(M-minus-BR spectrum) through N and O. One can be
ascribed to the deprotonation of the proton release group
(Fig. 2), and the other can be ascribed to the resulting change
in bands that are affected by C15-deuteration (Fig. 5).Deprotonation of the proton release group
The broad absorbance feature in the 2200 and 1780 cm1
region, which appears in the difference between pH 7 and
pH 5, arises from deprotonation of the proton release group,
and persists through M to N/O (Fig. 2). This spectral regioncan be considered to include only the vibrations of proton-
ated water oligomers (41), except for the combination
band of water at 2140 cm1 (42). The vibrations of proton-
ated water clusters, complexed with argon, have been shown
to appear at 1770 cm1 for the dimer and 1880 cm1 for
the trimer (41). Hence, the observed negative feature in
the double-difference pH 7-minus-pH 5, M-minus-BR and
N/O-minus-BR spectra, with the trough at 1885 cm1,
most likely arises from protonated water clusters, probably
through an upshift in the frequency of the dimer band,
together with broadening of its overall shape under the influ-
ence of hydrogen bonding with surrounding protein
residues. It should be emphasized that we detected this
trough, which is present through M and N/O, by subtracting
the spectrum of the WT at pH 5, which itself shows some
increase in negative amplitude from 2100 toward 1780 cm1.
Previous claims to assign water vibrations to this feature
were based only on the M-minus-BR spectrum and relied on
the arguments that the spectrum with increasing negative
amplitude is coincident with the theoretically derived spec-
trum of a protonated water dimer (43,44), and that it is
affected by H2
18O substitution (45). However, one can
only convincingly assign this spectral feature to the water
cluster by subtracting the corresponding spectrum at pH 5
(Fig. 2) to remove contributions other than those arising
from deprotonation of the proton release group. Investiga-
tors in earlier studies (43–45) did not subtract contributions
of this kind, which occupy a considerable part of the spec-
trum, and did not include inspection on the N/O-minus-
BR spectrum. Relying on the M-minus-BR spectrum of
E204Q at pH 7, which is less negative than the spectrum
at pH 5 of WT, nearly lying flatly on the zero line between
2050 and 1780 cm1 (42,46), is not sufficient to remove all
contributions that do not arise from the deprotonation of the
proton release group.
One could also invoke a continuum band due to delocal-
ization of a proton between a carboxylic acid and a water
cluster (47) or between carboxylic acids (48), but this would
not yield such a structured feature with a recognizable
trough in the frequency region above 1800 cm1.Loss of polar character of the N-C bond of Lys-216
The negative band at 1075 cm1 of the initial unphotolyzed
state (BR) in the N/O-minus-BR spectrum present at pH 7 is
depleted at pH 5 (Fig. 5 d). This could be mainly the N-C
stretching vibration due to the side chain of Lys-216,
because it disappears in C15-deuterated BR, is affected by
D2O, and is in the frequency region for N-C stretching
vibrations (49). Multiple bands could arise through further
coupling with other modes. However, these bands were
barely detectable as discrete bands in resonance Raman
spectra (50,51) because they are mainly derived from non-
chromophore vibrations. Thus, depletion of these vibra-
tional bands through M and N/O at pH 7 (Fig. 5 d) wouldBiophysical Journal 103(3) 444–452
450 Morgan et al.result from loss of the local polarity in the N-C bond of
Lys-216, which was probably conferred through coupling
with the C15-H in-plane bending vibration at 1254 and
1348 cm1 (27,52), or with the C15-H out-of plane bending
vibration at 1002 cm1 (52).Relation between deprotonation of the water
cluster and the side-chain N-C bond of Lys-216
The water cluster, which undergoes deprotonation, may be
present in the region surrounded by Arg-82, Tyr-83,
Glu-194, and Glu-204, as suggested previously for the
proton release group (43). The causal relationship between
the deprotonation of the water cluster and the decrease of
the local polarity in the side-chain N-C bond through distor-
tion in helix G around Asp-212 (16) will be discussed in the
light of crystallographic results.
The crystallographic structure of the M intermediate was
first obtained from crystals of the D96N mutant, grown in
octylglucoside solution containing phosphate buffer at
pH 5.6 (14) (Protein Data Bank (PDB) entry 1C8S). Struc-
tural models of M inWTenzyme are also now available, and
in Fig. S1 and Fig. S2 of the Supporting Material we
compare structures of M from WT enzyme obtained in
two different conditions: in Hepes buffer at pH 7.0 (PDB
entry 2ZZL) (53) and in citrate buffer at pH 5.2 (PDB entry
1IM9) (53,54). On the basis of this comparison, we discuss
possible transmission routes from the water cluster to helix
G (a) and from helix G to the N-C bond (b) in the legend to
Fig. S1. The most striking differences involve changes in the
locations of internal water molecules. These movements
may reflect polarity changes in the protein residues, because
water is a mobile, polarizable molecule.Transfer of the polar character from the
side-chain N-C bond to a retinal methyl group
Corresponding to the negative band at 1075 cm1 is a posi-
tive band at 1376 cm1 that is present through M and N/O at
pH 7 (Fig. 5 a). This band loses intensity at pH 5, and is also
abolished by C15-deuteration but not by hydration in D2O.
Previous resonance Raman studies on the M and N interme-
diates (50,51) showed that the 1376 cm1 band also disap-
peared in C15-deuterated BR. Hence, this band can be
assigned to deformation of the 9- and 13-methyl groups of
the retinal (52), which have acquired intensity by coupling
with the C15-H bending vibration at 1301 and 1393 cm
1.
The local polarity that is present in the N-C bond of Lys-
216 in the initial state (BR) moves away toward the methyl
group of the retinal side chain in M and N/O. This transfer is
accompanied by a shift of intensity from the negative band
at 1075 cm1 to the positive band at 1376 cm1. Between
these frequencies, no bands due to deprotonation of the
proton release group are observed (compare the thin and
thick lines in Fig. 1, a and b: cf. the 1167 cm1 band dueBiophysical Journal 103(3) 444–452to the difference between N and O). Thus, a fraction
of the intensity of the C15-H bending vibration, which
changes frequency at pH 7 but not at pH 5, undergoes
a shift of 300 cm1. This frequency shift represents an
enthalpy difference of 8.6 Kcal mol1. (E ¼ hn ¼
6.61034 (J $ s)  3104 (m1)  3109 (m $ s1) ¼
61020 (J); multiplication by Avogadro’s number
(61023) results in 3.6104 (J $ mol1) ¼ 8.6 kcal mol1.)
This quantity of energy, which is made available upon
formation of M and N/O through deprotonation of the
proton release group, could be involved in the structural
reorganization (see below) and would be sufficient to
increase the pKa ofAsp-85 by up to 6 pHunits above the level
of the unphotolyzed state.Interaction between Lys-216 and Asp-85
Stabilization of the protonated state of Asp-85 in M, which
is caused by deprotonation of the proton release group, was
previously suggested (16) to occur through a change in
interaction with Asp-212 as a result of distortion in a short
segment of helix G. However, the change observed in back-
bone carbonyl groups of the M-minus-BR spectrum does not
appear to be same in the negative bands of the N/O-minus-
BR spectrum (Fig. 3), suggesting that helix G is only a mech-
anistic link that connects deprotonation of the proton release
group to an increase in the pKa of Asp-85. The feature that is
consistently present through M and N/O (when compared
with BR) is a loss of local polarity in the N-C bond, which
would be expected to result in a significant increase in the
pKa of Asp-85.
This proposal (i.e., that a decrease in the polarity of the
N-C bond of Lys-216 brings about the stabilization of the
protonated Asp-85) is corroborated by the crystallographic
structure of the M intermediate (Fig. S2), as well as by
the FTIR data for Asp-85 itself. One of the carboxyl oxygen
atoms of Asp-85 is in contact with the carbon atom of the
N-C bond in the side chain of Lys-216 in M (14,53,54).
Asp-85 has the canonical HO-C¼O form, and its C¼O
moiety is nearly free from dipole interactions (55), as
judged from the high stretching vibrational frequency of
the carboxyl C¼O bond of Asp-85 (1761 cm1 in M
at pH 7, 1763 cm1 in M at pH 5 (32), and 1755 cm1 in
N/O at both pH 7 and pH 5; Fig. 1 b). Thus, the oxygen
atom in contact with the N-C bond must be the O-H moiety
of Asp-85. The closest water molecule to this O-H (together
with the associated diffuse water molecule) is closer to Asp-
212 at pH 7.0 than at pH 5 (Fig. S2) (53,54), suggesting
a decrease in the polarity of this O-H bond at pH 7. This
is also reflected in a decrease in frequency of the C¼O
stretching vibrational frequency from 1763 cm1 at pH 5
to 1761 cm1 at pH 7, which results from a decrease in
the frequency of its coupled C-O-H bending vibration due
to its weaker dipole interaction. This shift from 1763 to
1761 cm1 is caused by a downshift of the C-O-H bending
Changes in Photolyzed Bacteriorhodopsin 451vibration resulting from weaker hydrogen bonding. This
downshift would not be small, because even a large shift
of >200 cm1 brought about by deuterium substitution
caused only a ~10 cm1 shift in the C¼O stretching vibra-
tional frequency. Thus, a decrease in the polar character of
the N-C bond of Lys-216 can reduce the dipole of the neigh-
boring O-H bond of the carboxylic acid of Asp-85 at pH 7
relative to that at pH 5. This idea, which is based in large
part on spectroscopic data, together with crystallographic
results that are currently available only for M, leads to
predictions that will be tested when the corresponding struc-
tures on N and O for the WT enzyme become available in
the future.CONCLUSIONS
This work and previous FTIR studies (16,39) reveal that the
deprotonation of the proton release group—most likely the
protonated water cluster in the region surrounded by
Arg-82, Tyr-83, Glu-204, and Glu-194—leads to coordi-
nated structural changes around the backbone carbonyl
groups of Asp-212 and Lys-216. Our study shows that these
structural changes bring about a loss of polar character in
the N-C bond of Lys-216 through M and N/O at pH 7.
This can reduce the dipole of the neighboring O-H bond
of the carboxylic acid of Asp-85. We propose that these
structural changes bring about a significant increase in the
pKa of Asp-85, stabilizing it in the protonated state in M
and N/O, and thus effecting the ‘‘reprotonation switch’’
that is essential for directional proton pumping.SUPPORTING MATERIAL
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